The ability of neurons to modify synaptic connections is critical for proper brain development and function in the adult. It is now clear that changes in synaptic strength are often accompanied by changes in synaptic morphology. This synaptic plasticity can be maintained for varying lengths of time depending on the type of neuronal activity that first induced the changes. Long-term synaptic plasticity requires the synthesis of new proteins, and one mechanism for the regulation of experience-induced protein synthesis in neurons involves cytoplasmic polyadenylation element binding protein (CPEB1). CPEB1 can bidirectionally regulate mRNA translation, first repressing translation, and then activating translation after the phosphorylation of two critical residues (T 171 and S
Introduction
The cerebellum controls balance and motor coordination, so defects in cerebellar function result in ataxia (Ito, 2002) . The sole outputs of the cerebellar cortex are Purkinje neurons (PNs), which exhibit a well characterized form of long-term synaptic plasticity. Here, simultaneous input to PNs from both granule cells [via parallel fibers (PFs)] and the inferior olivary nucleus [via climbing fibers (CFs)] results in a persistent attenuation of the PF-PN synapse called cerebellar long-term depression (LTD). Cerebellar LTD is mediated by type I metabotropic glutamate receptor (mGluR) activation and is dependent on new protein synthesis (Aiba et al., 1994; Linden, 1996; Karachot et al., 2001) .
Although the majority of protein synthesis in neurons is restricted to the cell soma, protein synthesis can occur in the dendrites after synaptic activation (Wells et al., 2000; Steward and Schuman, 2001) . Moreover, studies in both invertebrates and vertebrates have shown that the translation of dendritically localized mRNAs play a critical role in various forms of long-term synaptic plasticity (Kang and Schuman, 1996; Martin et al., 1997; Casadio et al., 1999; Huber et al., 2000) . Several mRNA-binding proteins have been implicated in the regulation of dendritic mRNA translation, including the cytoplasmic polyadenylation element binding protein (CPEB1) (Wells, 2006) . CPEB1 was first described in Xenopus oocytes, in which it regulates oocyte maturation (Mendez and Richter, 2001) . CPEB1 binds to a short AU-rich sequence in responsive mRNAs called the cytoplasmic polyadenylation element (CPE) in the 3Ј untranslated region (UTR). CPEB1 initially represses the translation of bound mRNA and activates translation after phosphorylation at T 171 and S 177 (de Moor and Richter, 1999; Mendez et al., 2000b) . In mammalian neurons, synaptic activity leads to a rapid phosphorylation of CPEB1 by either Aurora kinase A or the ␣ subunit of calcium/calmodulin-dependent protein kinase II (␣-CaMKII) (Huang et al., 2002; Atkins et al., 2004) .
To inhibit CPEB1-mediated protein synthesis, we expressed a mutant of CPEB1 with T 171 and S 177 mutated to alanines in neurons. Our rationale was that, if CPE-containing mRNA were bound by the phospho-mutant mouse CPEB1 (mCPEB1-AA), translation would be inhibited, as was shown previously in oocytes (Mendez et al., 2000a,b) . Furthermore, we expressed mCPEB1-AA in only one cell type in the brain, cerebellar PN, using the L7/pcp2 promoter (Oberdick et al., 1990) . mCPEB1-AA mice showed no gross developmental deficiency in the cerebellum, and synaptic transmission was unaltered. However, mCPEB1-AA mice did not experience LTD at PF-PN synapses, and this was accompanied by a significant increase in spine density and length. Given these structural changes, we examined the regulation of IRSp53, a protein recently shown to regulate spine structure (Choi et al., 2005) . We show that mCPEB1-AA interacts with IRSp53 mRNA and blocks the activity-dependent increase in IRSp53 protein after motor training. Altering CPEB1-mediated protein synthesis resulted in cerebellar ataxia and a motor learning delay. Overall, this study suggests that CPEB1-mediated protein synthesis is not required for constitutive synthesis of CPE-containing mRNA but is necessary for activity-driven synthesis. Furthermore, CPEB1 is required for the expression of cerebellar LTD and may be necessary for proper synaptic maturation.
Materials and Methods
Generation of transgenic mice. The T171A and S177A point mutations in the mCPEB1-AA mutant construct were generated by PCR-based sitedirected mutagenesis (Quik Change; Stratagene, La Jolla, CA) using the mutated primer 5Ј-TCGCCTGGACGCGCGGCCCATCCTGGACG-CCCGTTCTAGCAGC-3Ј. Successful mutagenesis was confirmed by DNA sequencing. mCPEB1-AA was then subcloned into the multiple cloning site of the enhanced green fluorescent protein-C1 plasmid (Clontech, Mountain View, CA) using XhoI. A BglII site at the green fluorescent protein (GFP)-CPEB junction was mutated, and the resulting GFP-mCPEB1-AA was cut with BglII and inserted into the BamHI site of the pL7⌬AUG (Smeyne et al., 1995) . The resulting plasmid was digested with HindIII and EcoR1, and the linearized construct was separated from the pGEM3 backbone by electrophoresis followed by electroelution. Generation of transgenic mice was then performed at the Yale University Transgenic Core Facility. Positive transgenic animals were identified by PCR using two sets of transgene-specific primer pairs on genomic DNA isolated from tail biopsies. Germ-line-expressing mice were identified by breeding transgenic positive founder mice with wildtype (WT) C57BL/6, resulting in the establishment of three lines of GFPmCPEB1-AA-expressing mice (N, Q, and W). All experiments presented in this report were performed on mice 7-9 weeks of age unless explicitly stated otherwise, in accordance with the Yale Animal Care and Use Committee.
Expression analysis. The expression pattern of the L7-GFPmCPEB1-AA was examined by reverse transcription (RT)-PCR and Western blot analysis. For RT-PCR, total RNA was isolated from the cerebellum of GFP-mCPEB1-AA positive and negative littermate mice using the Qiagen (Valencia, CA) RNeasy mini-kit. Total RNA was treated with RNase-free DNase I (Sigma, St. Louis, MO) for 30 min at 37°C, followed by enzymatic removal using the RNA cleanup protocol in the Qiagen RNeasy kit. Equal amounts of total RNA were then subjected to oligo-dT-primed RT, followed by PCR using a transgene-specific primer pair. To determine the relative level of transgene mRNA expression, after RT, a dilution series of cDNA was created and subjected to PCR using a transgene-specific primer pair. Simultaneously, a standard curve was generated by performing PCR with the same transgene-specific primer pair on a dilution series of the L7-GFP-mCPEB1-AA plasmid used to create the transgenic mice. Equal amounts of the PCR reactions from each animal and the standard curve reactions were subsequently loaded and run on an agarose gel. Densitometry on each band and expression level was determined by comparison with the standard curve.
The regional brain expression of the GFP-mCPEB1-AA fusion protein was examined by Western blot. The cerebellum, cortex, and hippocampus of transgenic and nontransgenic controls were dissected and homogenized in glass homogenizers in pH 7.4 buffer containing 10 mM HEPES, 2 mM EDTA, 2 mM EGTA, and protease inhibitor cocktail (1:1000; Sigma). Equal amounts of total protein from each brain region were run on a 4 -10% SDS-PAGE, followed by transfer onto nitrocellulose membranes. As a control for the size of the transgene, the GFP-mCPEB1-AA construct was expressed in COS cells under a cytomegalovirus promoter, and COS cellular lysate was loaded alongside the brain region lysates. After transfer, nitrocellulose was probed with either a mouse anti-GFP monoclonal antibody (1:1000; Millipore, Billerica, MA) or an affinitypurified rabbit anti-CPEB1 polyclonal antibody (1:1000) (Shin et al., 2004) .
Synaptosome fractions isolated from the cerebellum were performed as described previously (Wu et al., 1998) . Briefly, the cerebellum from 25 transgenic mice were homogenized and cleared by three low-speed centrifugations. The resultant supernatant was spun at 13,800 ϫ g for 10 min, and the pellet was resuspended in 0.32 M sucrose, layered onto a discontinuous (0.85, 1.0, 1.2, 1.5, and 2.1 M) sucrose gradient, and spun at 82,500 ϫ g for 2 h. The synaptosome fraction was collected from the 1.2/1.0 M sucrose interface. Synaptoneurosome (SN) fractions were isolated as described previously (Wu et al., 1998) with the following modifications. The cerebellum was removed and bisected in the sagittal plane, and half of the cerebellum was frozen in liquid nitrogen and the other half homogenized for SN isolation. The homogenate was cleared by a lowspeed spin of 2000 ϫ g for 1 min, and the resultant supernatant was pushed through a 100 and 50 m pore nylon mesh and then through a 5 m pore filter. The filtrate was then centrifuged at 1000 ϫ g for 10 min, yielding a pellet that contained the SN fraction.
Immunohistochemistry. Transgenic and nontransgenic littermate mice were anesthetized with ketamine and perfused with 4% paraformaldehyde/0.1% glutaraldehyde in PBS (ϳ50 ml/mouse). Perfused brains were microdissected and postfixed overnight at 4°C. Frozen sections (25 m) were washed and incubated in 10% horse serum/1% Triton X-100 in PBS for 1.5 h at room temperature. Sections were incubated with primary antibodies: rabbit anti-calbindin D (1:2000; Millipore); rabbit anti-CPEB1 (Shin et al., 2004) ; mouse anti-GFP (1:500; Invitrogen, Carlsbad, CA); and mouse anti-IAK1 (Aurora kinase A, 1:250; BD Biosciences, San Jose, CA) diluted in block containing 0.1% Triton X-100 overnight at 4°C. Sections were washed and incubated with secondary antibodies (1: 100 FITC goat anti-mouse; 1:1500 cyanine 3 goat anti-rabbit) diluted for 1 h at room temperature. Some sections were stained with 4Ј,6Ј-diamidino-2-phenylindole (DAPI) (1:1000). To determine whether expression of the transgene alters PN number, two independent investigators scored 35 M frozen sections stained for calbindin D28K and DAPI, both blind to the genotype. Within a section, three fields of view were randomly selected under bright-field illumination, and PN number was determined by counting DAPI-positive nuclei surrounded by calbindin D immunoreactivity. Every other section was scored to ensure that the same neuron was not counted more than once (Purkinje neuron diameter is ϳ30 m). This procedure was used on two animals from both transgenic and nontransgenic controls in parasagittal sections of the cerebellum (vermis). Student's t tests were conducted to evaluate significant differences between groups.
Electrophysiology. The cerebellum was removed from mice (7-9 weeks old), and parasagittal slices (300 m) of the cerebellar vermis were prepared and perfused at room temperature in artificial CSF (ACSF) composed of the following (in mM): 125 NaCl, 2.5 KCl, 2 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , 20 glucose, and 0.01 bicuculline, pH 7.4 (bubbled with 95% O 2 and 5% CO 2 ).
Cerebellar slices were placed in a recording chamber and continuously perfused with oxygenated ACSF (2 ml/min) at 31°C. Whole-cell patchclamp recordings were made from individual, visually identified PN soma. The recording pipette was filled with the following (internal solution, in mM): 130 potassium gluconate, 2 NaCl, 4 MgCl 2 ⅐6H 2 O, 10 sodium phosphocreatine, 4 Na 2 -ATP, 0.4 Na 3 -GTP, 20 HEPES, and 10 EGTA, pH adjusted to 7.3 using KOH. Recording pipettes of 3-4 M⍀ were used, and the series resistance (30 -40 M⍀) was compensated by ϳ70%. If the resistance changed by Ͼ10% during the recording, the data were discarded. Synaptic currents were recorded with an Axopatch 200B amplifier, and data were acquired using pClamp 8 software (Molecular Devices, Palo Alto, CA). The signals were filtered at 3 kHz and digitized at 20 kHz. A holding potential of Ϫ70 mV was established, and afferent stimulations were made with concentric bipolar microelectrodes (Rhodes Medical Instruments, Woodland Hills, CA). A 100 s stimulus pulse of 0.1-0.2 mA for PF stimulation and 0.3-1 mA for CF stimulation was used. PF-PN and CF-PN EPSCs were identified by their characteristic features (Konnerth et al., 1990) . PFs were stimulated at 0.1 Hz, and PF-PC EPSCs were recorded until a stable baseline was obtained (usually ϳ30 min). Baseline EPSC rise time and decay time were then acquired before LTD induction. In cases in which Aurora kinase inhibitors were present in the recording pipette, no alterations of baseline properties were detected. PF-LTD was induced as described previously (Barski et al., 2003) . Briefly, without moving the stimulus pipette, the stimulation intensity was increased until a CF response was observed, distinguished by its all-or-none character and paired-pulse depression (PPD), and the CF stimulus threshold was determined. To induce LTD, the stimulus intensity was raised to a value at least 20% over CF threshold, and a train of 300 stimuli at 1 Hz in conjunction with a depolarizing pulse (200 ms, from Ϫ70 to 0 mV) was applied. After pairing, the stimulus intensity was set to the initial value, and the recording of PF-EPSCs at 0.1 Hz was resumed for at least 40 min. Data represent the average of six responses during a 1 min period around the time point shown.
To examine CF innervation to PN, the holding potential for recording CF-PN EPSCs was set to Ϫ20mV to inactivate voltage-dependent channels. The internal solution contained the following (in mM): 10 CsCl, 135 Cs-methanesulfonate, 0.2 EGTA, 10 HEPES, 0.4 Na 3 -GTP, and 4 Na 2 -ATP, pH 7.3 adjusted with CsOH. CFs were stimulated at 0.1 Hz by applying paired pulses (0.1-0.6 mA at 50 -150 ms interpulse intervals) with a concentric bipolar microelectrode. CF-PN EPSCs were identified by their all-or-none response and PPD.
Immunoprecipitations. Brain regions from transgenic or nontransgenic littermate controls were homogenized in glass homogenizers using homogenization buffer containing 10 mM HEPES, 200 mM NaCl, 30 mM EDTA, 0.5% Triton X-100, 200 U/ml of RNase inhibitor, and protease inhibitor cocktail (1:1000; Sigma). Cell debris and nuclei were removed by centrifugation at 2000 ϫ g for 5 min. Supernatants were saved and NaCl was raised to 400 mM, followed by centrifugation at 16,000 ϫ g for 30 min. Supernatants were saved and 10% was removed for the input fraction. Supernatants were precleared by incubation with preblocked (PBS with 1% BSA, 0.1 g/l salmon sperm DNA, and 0.1 g/l tRNA) protein A beads (50% slurry) for 3 h at 4°C with rocking. Beads were removed by centrifugation at 12,000 ϫ g for 20 s. Supernatants were transferred to new tubes and incubated with specific antibody or IgG for 1 h at 4°C with gentle agitation. Immunoprecipitations (IPs) were performed with either mouse anti-GFP (Invitrogen) or rabbit anti-CPEB1 (1:100) antibodies. After the 1 h incubation, 50 l of preblocked protein A beads (50% slurry) were added and incubated overnight at 4°C. The beads were washed with 400 mM NaCl, 0.5% Triton X-100 (20 min at 4°C with gentle agitation) and recovered by centrifugation at 12,000 ϫ g for 20 s. Equal volumes of control and anti-GFP or anti-CPEB1 IPs were loaded and run on SDS-PAGE gels and transferred to nitrocellulose. Western blots were probed with mouse anti-GFP (1:1000; Millipore) or rabbit anti-CPEB1 (1:1000), followed by incubation with HRPconjugated goat anti-mouse or rabbit secondary antibodies, and visualized using femto-ECL reagent (Pierce, Rockford, IL). For RNA co-IP experiments, total RNA from input and IP fractions were isolated using Trizol (Invitrogen) reagent following the instructions of the manufacturers. The precipitated nucleic acids were resuspended in RNase-free water and treated with RNase-free DNase I (10 U/l) at 37°C for 15 min. After heat inactivation of the DNase I (75°C for 5 min), total RNA was subjected to oligo-dT-primed RT-PCR using gene-specific primer pairs for IRSp53 and tubulin (40 cycles, with one-third of the product loaded for input).
Behavioral tests. Motor coordination was tested using a rotarod in a constant speed (28 rpm) or accelerated protocol (setting 9; Meditech, Westwood, MA). The rotarod is a 3-cm-diameter rubber-coated and grooved rod 10 cm long, driven by a motor. In the accelerated protocol, the wheel accelerated from 4 to 40 rpm over a 300 s interval for each trial.
The mice were trained with three consecutive trials per day (15 min intertrial interval) on 2 consecutive days. The fall latency and passive latency (the time elapsed for the mouse to either fall or make a full rotation by simply hanging onto the rod) were recorded. The control group of mice included both nontransgenic littermates as well as agematched wild-type C57BL/6 mice, because average fall latencies were not significantly different from each other (data not shown). Relative ataxia was determined by calculating the percentage decrease in average fall latency between transgenic and control mice.
To determine changes in protein levels after training, transgenic and nontransgenic littermates were trained on the rotarod for three trials using the accelerated protocol as described above, with the exception that, after the third trial (1 h after training initiation), the mice were killed and their cerebellum was removed, coded, and processed for Western blot analysis. To determine the effect of motor training, a second group of transgenic and nontransgenic littermates were left untrained. The investigator running the Western blots was blind to the genotype of the samples. After SDS-PAGE and transfer as above, the nitrocellulose was stained with Ponceau S, and total protein in each lane was determined by densitometry to normalize protein loading in each lane. After quantification, the code was revealed, and the animals were grouped by genotype and training paradigm. Primary antibodies used included rabbit antiIRSp53 (1:2000), mouse anti-␤-tubulin (1:80,000; Sigma), and mouse anti-␤-actin (1:10,000; Sigma). Student's t tests were performed to evaluate significant differences between groups.
Ataxia was also examined by gait analysis (Carter et al., 1999) . Here, the front and hindpaws of transgenic and nontransgenic mice were differentially marked with nontoxic paint (blue and pink) and induced to walk across a sheet of white paper in a straight line. Four measurements were recorded: (1) stride length, measured as the average distance of forward movement between each stride; (2) hind-base width and (3) front-base width, measured as the average distance between left and right hind footprints and left and right front footprints, respectively; and (4) front footprint/hind footprint overlap, measured as the distance between the centers of the footprints when they did not overlap (direct overlap was scored as 0). For each step parameter, at least three values were measured for each run, excluding footprints made at the beginning and end of the run, in which movement was being initiated or stopped. Student's t tests were performed to evaluate significant differences between groups.
Purkinje neuron and spine analysis. Individual PN were filled with either 2% Neurobiotin (NB) (Vector Laboratories, Burlingame, CA) or 1% Lucifer yellow by passing Ϫ20 mV hyperpolarization pulses of 150 ms duration at 3.3 Hz for 30 -40 min. Slices were then fixed with 4% paraformaldehyde in PBS overnight at 4°C. For Lucifer yellow, sections were then mounted onto slides and visualized with a scanning disk confocal microscope using a PlanApo 100ϫ, 1.4 numerical aperture (NA) oil emersion objective [Olympus Optical (Tokyo, Japan) IX2 microscope with Hamamatsu (Bridgewater, NJ) CCD]. For Neurobiotin, the sections were incubated with Triton X-100 (0.4% in PBS) for 2 h, stained with Vectastain ABC Elite Reagent (Vector Laboratories), and developed with diaminobenzidine (0.05%) and H 2 O 2 (0.003%). The sections were dried and mounted with Permount gel. Distal, third-or fourth-order (3-4°) dendrites were used for the evaluation of spine number to ensure that we were counting spines innervated by parallel fibers. We defined a spine as a dendritic protrusion clearly originating from the shaft of a dendrite and not intersecting any other dendritic segment. We did not count or measure any protrusion that appeared to contain more than one head. Three independent investigators, blind to the genotype, counted randomly selected dendritic segments of labeled PN. Each scored dendritic segment was ϳ20 m in length. Spines were visually identified and counted using a Plan Apo 100ϫ, 1.45 NA oil emersion objective (Nikon, Tokyo, Japan). Dendritic lengths were measured from images taken of the region immediately after counting and processed using Adobe Photoshop software (Adobe Systems, San Jose, CA). To determine whether there was a significant difference in spine density between groups, data were subjected to an ANOVA.
The dendritic complexity was analyzed by a Scholl analysis (Lustig et al., 1998) . Low-magnification pictures were taken of an NB-filled PN, and a set of concentric circles, each 50 m apart, was superimposed on the PN with the cell body in the center of the circles. The number of dendrites that intercept each ring was counted, extending the analysis to 500 m from the soma.
Spine length was determined from spinning disk confocal image stacks of Lucifer yellowfilled cells imaged using a Plan Apo 100ϫ, 1.45 NA oil emersion objective. Images were threedimensionally reconstructed using Imaris 4.1 software (Bitplane, Zurich, Switzerland). Spines were measured using NIH Image, blind to genotype, from randomly selected 3-4°den-dritic regions ϳ20 m in length and Ͻ1.5 m in diameter.
Results
Characterization of mCPEB1-AA mice Three independent lines of transgenic mice expressing GFP-mCPEB1-AA under the L7/pcp2 promoter were generated and propagated with no line displaying any obvious gross morphological or behavioral abnormalities (supplemental Fig. 1 , available at www.jneurosci.org as supplemental material). RT-PCR analysis using transgene-specific primers on equal amounts of total RNA isolated from the cerebellum of wild-type or N-, Q-, and W-line transgenic mice revealed differing levels of transgene expression (Fig. 1 A) . N-line mice expressed a low level, the Q-line a medium to high level, and the W-line a high level of GFP-mCPEB1-AA mRNA. Unless we were examining the differences among animals expressing different amounts of the transgene, the data presented are from mice expressing a medium to high level of the transgene. To assess the regional expression of the transgene in the brain, Western blot analysis was performed on tissue isolated from the cerebellum, cortex, and hippocampus of mCPEB1-AA mice and probed with a polyclonal antibody against CPEB1 (Fig.   Figure 1 . Purkinje cell-specific expression of the mCPEB1-AA transgene does not affect cerebellar morphology. A, Total RNA isolated from the cerebellum of wild-type (Wt) or transgenic (W-, Q-, and N-lines) mice was subjected to oligo-dT reverse transcription, followed by PCR with primers specific for the transgene or ␤-actin (left). Western blot analysis of transgene expression showing total protein isolated from the cerebellum (Cbl), cortex (Ctx), and hippocampus (Hipp), of a Q-line mouse probed with an anti-CPEB1 antibody. GFP-mCPEB1-AA expressed in COS cells was run on the same gel as an indication of the GFP-mCPEB1-AA size. In each brain region, the CPEB1 antibody detected endogenous mCPEB1 (arrow; 62 kDa). However, the GFP-mCPEB1-AA transgene (arrow, ϳ90 kDa) was detected exclusively in the cerebellum (middle). To confirm expression, we also probed a blot with an antibody against GFP (right). Again, mCPEB1-AA was only expressed in the cerebellum. B, IHC was performed on cerebellar tissue sections derived from mCPEB1-AA mice and littermates not expressing the transgene (control). Sagittal sections (35 m) from the cerebellum of control (left) and L7-GFP-mCPEB1-AA mice stained with an anti-calbindin D antibody. Gross structure and laminar organization of the cerebellum in the mCPEB1-AA mice is indistinguishable from that of control. C, Distribution of endogenous CPEB1 was visualized in a cerebellar sagittal section (25 m) of an adult mouse with an anti-CPEB1 antibody (left). CPEB1 expression is highest in the Purkinje cell layer (PCL; arrows). Cerebellar sagittal sections of mCPEB1-AA (AA) and control mice were also probed with an anti-GFP antibody showing transgene expression exclusively in the Purkinje cell layer (arrows). Although the GFP antibody yielded a high background with nonspecific staining in blood vessels, no 4 specific staining was detected in the granule cell layer (GCL) or the molecular layer (ML). Regions of interest (boxes) are presented at higher magnification at the bottom. Scale bars: top, 100 m; bottom, 20 m. D, Closer examination of the ML reveals anti-GFP staining (red) in PN cell soma (arrowheads) and into the dendrites (arrows), indicating that mCPEB1-AA protein is distributed like the endogenous CPEB1. Bottom, Region of interest (box) shown at higher magnification. Scale bars: left, 40 m; right, 10 m. E, Synaptosome fraction isolated from GFP-mCPEB1-AA-expressing cerebellum was analyzed by Western blot using an antibody specific for mCPEB1. Although the level of the transgene appears low in the gross homogenate (H), a clear enrichment in the synaptosome fraction (S) can be seen. Image is one Western blot representative of three separate synaptosome preparations; a nonspecific band running between CPEB1 and mCPEB1-AA was spliced out for clarity.
A).
A GFP-mCPEB1-AA-specific band of ϳ90 kDa was present exclusively in the cerebellum, whereas endogenous CPEB1 (ϳ62 kDa) was present in all brain regions tested. Western blot analysis on equal amounts of total protein from the cerebellum and cortex of mCPEB1-AA mice using an anti-GFP monoclonal antibody also revealed cerebellar-specific expression of the transgene (Fig. 1 A) .
Purkinje neuron-specific expression of GFP-mCPEB1-AA To address gross morphological changes in the cerebellum, anti-calbindin D28K staining of frozen sagittal sections from the cerebellum of control and transgenic mice were performed. This revealed that the overall morphology and cellular architecture of the cerebellum were normal in the mCPEB1-AA mice (Fig. 1 B) . Purkinje neuron density was also examined from these sections and determined not to be different from control mice (controls, 23 Ϯ 4 PN/mm; mCPEB1-AA, 23 Ϯ 6 PN/ mm; n ϭ 2 mice per genotype). To determine the cellular expression pattern of CPEB1 in the cerebellum, frozen sections from the cerebellum of control mice were stained with an anti-CPEB1 antibody. CPEB1 is highly expressed in the PN layer with lower but detectable levels in the molecular and granule cell layer (Fig. 2C, left) . To determine which cells in the cerebellum were expressing the transgene, frozen sections from the cerebellum of mCPEB1-AA mice were examined with an anti-GFP antibody (Fig. 2C, middle) . In mCPEB1-AA-expressing mice, staining for the transgene was visible in the PN layer and extended into the dendrites of PN, in a pattern similar to that of endogenous CPEB1 (Fig. 2C,D) . To examine the extent of mCPEB1-AA localization to synapses and determine a relative ratio of endogenous CPEB1 to mCPEB1-AA at cerebellar synapses, we isolated a synaptosome fraction from transgenic animals and performed a Western blot analysis with an anti-CPEB1 antibody. This revealed that, although the level of CPEB1 in the cerebellar homogenate far exceeded that of mCPEB1-AA (Fig. 1 A, E) , at the synapse there is a comparable level of the two proteins (Fig. 1 E) . The disparity between homogenate and synaptic levels of endogenous CPEB1 likely reflect the presence of CPEB1 in non-PN and non-neuronal cell (K. Jones and D. G. Wells, unpublished observation).
Purkinje neuron development appears unaltered in mCPEB1-AA mice To examine the morphology of PNs expressing mCPEB1-AA protein, we injected Neurobiotin via a whole-cell recording pipette. Quantified by Scholl analysis, there was no measurable morphological difference between PN in mCPEB1-AA transgenic mice versus wild type (Fig. 2 D) .
To examine the properties of synaptic transmission onto PNs, we first tested the paired-pulse facilitation (PPF) in PF-PN synapses. PPF is a form of presynaptic short-term synaptic plasticity that results in an enhancement of the EPSC in response to the second of two pulses given in rapid succession. The PPF in PF-PN synapses between the two groups were not significantly different at interpulse intervals between 50 and 150 ms (Fig. 2 A) . This suggests that the synaptic connections in mCPEB1-AA mice are functionally similar to those of wild-type mice. To confirm this, we analyzed both the kinetics of the PF-PN EPSCs and the distribution of receptors in wild-type and transgenic mice. We Figure 2 . Cerebellar Purkinje neuron morphology and physiology is unchanged by mCPEB1-AA expression. A, Amplitude of EPSC recorded in voltage clamp using whole-cell patch configuration of PNs generated from successive stimulation pulses to parallel fibers given 50 -150 ms apart in wild-type and mCPEB1-AA-expressing PNs. PPF was determined as the ratio of the amplitude of EPSC generated in response to the second pulse over the first response. B, Glutamate receptor localization to synapses was evaluated using Western blot analysis of the synaptic fraction isolated from the cerebellum of both WT and mCPEB1-AA mice. The homogenate (H), cytoplasmic (C), and SN fraction were loaded into SDS-PAGE gels with equal protein, and the blot was probed with antibodies directed against a metabotropic glutamate receptor subunit (mGluR1) and the AMPAR subunit (GluR2/3). Blots from three independent experiments were quantified and showed no significant difference between WT and mCPEB1-AA mice; shown is one representative experiment. C, Complex spikes generated from CF stimulation and recorded from PNs under current clamp. A single CF stimulation results in a typical complex spike response in PNs from either WT or mCPEB1-AA mice. Data represent four consecutive traces superimposed. D, Purkinje neurons injected with Neurobiotin demonstrate a typical PN morphology in wild-type and mCPEB1-AA-expressing cells (top). Scholl analysis of PN dendrites labeled with Neurobiotin reveal no difference in dendritic complexity (bottom; WT, n ϭ 5 cells from 3 mice; mCPEB1-AA, n ϭ 6 cells from 3 mice). E, The development of CF-PN synapses was analyzed using the voltage-clamp configuration and identifying the CF innervation by its characteristic paired-pulse depression and all-or-none response (left). Each PN recorded from was scored as either multiply innervated or monosynaptically innervated, and data represent a percentage of cells that are monosynaptically innervated at each age. Early in postnatal development (1-2 weeks), ϳ40% of the PNs were innervated by a single CF. By 4 weeks, all PNs examined were monosynaptically innervated (1-2 weeks, n ϭ 59 PN mCPEB1-AA, 35 PN WT; 4 weeks, n ϭ 22 PN mCPEB1-AA, 30 PN WT).
show that there is no difference in the EPSC kinetics (WT, 10 -90% rise time, 2.89 ϩ 0.18 ms; mCPEB1-AA, 3.03 ϩ 0.16 ms; p ϭ 0.28, Student's t test; n ϭ 20 neurons WT, 21 neurons mCPEB1-AA). Next, we isolated a synaptoneurosome fraction from control and transgenic mice and found that both mGluR1 and GluR2/3 are distributed identically (Fig. 2 B) . We next examined the complex spike generated in the PN after CF stimulation from mice 6 -8 weeks old. A single CF stimulation generates a large depolarization that is identical in both WT and mCPEB1-AA mice (Fig. 2C) . Finally, during early postnatal development, PN are innervated by multiple CFs. Synapse elimination at polyinnervated CF-PN synapses during the first 3 weeks after birth ensures that a single CF innervates each PN by adulthood (Mariani and Changeux, 1981; Kano et al., 1995; Nishiyama and Linden, 2004) . CF innervation was identified using two CF-PN synapse-specific properties: all-or-none response and PPD. Examples of EPSC responses after paired-pulse stimulation (50 ms interval) of singly innervated CF-PN and multiple innervated CF-PN synapses are shown in Figure 2 E. Using these criteria, we determined that, in mCPEB1-AA mice, CF-PN synapse elimination proceeds in a manner indistinguishable from control mice (Fig. 3E) .
Cerebellar LTD is altered in mCPEB1-AA transgenic mice
To confirm that cerebellar LTD requires protein synthesis (Ahn et al., 1999; Karachot et al., 2001 ), we induced LTD at the PF-PN synapse in the presence or absence of the protein synthesis inhibitor cycloheximide (100 M). In the presence of cycloheximide, the amplitude of the initial EPSC depression was attenuated and the late-phase of LTD was abolished (Fig. 3A) . Interestingly, if we applied the protein synthesis inhibitor immediately after the stimulation, we did not see the attenuation of the initial amplitude of the depression, but it again came back to baseline within 15 min (supplemental Fig. 2 A, available at www.jneurosci.org as supplemental material). We next induced LTD using the same stimulation protocol on PNs expressing mCPEB1-AA. The group data of mCPEB1-AA mice (medium to high expressors) shows an initial attenuation of the amplitude of depression, followed by rapid return to baseline EPSC amplitudes (Fig. 3B) . In the course of these experiments, we noticed that the extent of LTD inhibition varied between animals, so quantitative RT-PCR was performed (blind to the electrophysiological results) to determine the expression level of the transgene in some of the animals from which we recorded. We found that the degree to which LTD was attenuated was dependent on the level of transgene expressed (Fig. 3C) , with animals expressing relatively low levels of mCPEB1-AA exhibiting a slower decline in the EPSC amplitude toward baseline levels. In this example, the mouse expressing a high level of mCPEB1-AA exhibited EPSC amplitudes that overshot the baseline amplitude at ϳ20 min after stimulation. However, this increase in EPSC amplitude was not statistically different from baseline amplitudes and was not detected in all high expressors examined.
Because the transgene harbors a mutation in the Aurora A phosphorylation site of CPEB1 and Aurora kinase A is expressed in PN dendrites (Fig. 4 A) , we reasoned that inhibiting Aurora A in wildtype PNs should have a similar effect. Therefore, we placed the Aurora kinase in-4 Figure 5 . mCPEB1-AA alters PN spine morphology and binds CPE-containing mRNA in cerebellum. A, Representative tertiary dendrite from WT or mCPEB1-AA (AA) expressing PNs filled with Lucifer yellow. Spine measurements were made on dendrites Ͻ1.5 m in diameter similar to these; at higher magnification, a clear change in spine morphology can be detected (right). Scale bars, 1 m. Spine length shows a statistically significant shift to the right in the mCPEB1-AA mice (filled bars, middle). Spine neck width distribution is similar in both groups of animals, but mCPEB1-AA mice do show a trend toward an increase in spine neck width (filled bars, bottom). B, IPs were performed with either anti-GFP or anti-IgG from the cerebellum and cortex of mCPEB1-AA-expressing mice (top). The presence of GFP-mCPEB1-AA protein was confirmed by Western blot using either anti-CPEB1 or a different anti-GFP antibody. IPs performed with either anti-CPEB1 or anti-IgG from cerebellum or cortex of mCPEB1-AA mice were probed with an anti-CPEB1 or anti-GFP antibody (bottom). COS cells transfected with the GFP-mCPEB1-AA construct were used to specify the size of the transgenic protein (con). C, IPs from cerebellum of wild-type mice using either an anti-CPEB1 (␣-CPEB1) or a nonspecific IgG (␣-IgG) antibody, followed by RT-PCR using primers specific for IRSp53 or tubulin (top). IPs from cerebellum of mCPEB1-AA mice using either an anti-GFP (␣-GFP) or a nonspecific IgG (␣-IgG) antibody, followed by RT-PCR with primers specific for IRS-p53 or tubulin (bottom). Input represents RNA isolated from the homogenate before IP analyzed by RT-PCR using the same primer sets used in the IP.
hibitor hesperadin into the recording patch pipette. Hesperadin is an indolinone derivative that inhibits Aurora kinase with an IC 50 of ϳ100 nM in a cell context. At concentrations of 50 nM, it is a very specific inhibitor of Aurora kinases (Hauf et al., 2003) . Hesperadin administration to PN resulted in a dose-dependent inhibition of LTD, mimicking that seen in the mCPEB1-AAexpressing cells (Fig. 4 B) . However, hesperadin administration to mCPEB1-AA-expressing mice had no additional affect on LTD (Fig. 4C) . To confirm that inhibition of Aurora kinase blocks cerebellar LTD, we repeated these experiments with a different Aurora kinase inhibitor, ZM447439 (Tocris, Ellisville, MO). ZM447439 inhibits Aurora kinase with an IC 50 of 110 nM and becomes nonselective at concentrations of 1 M and higher (Ditchfield et al., 2003; Andrews, 2005) . When we recorded from cells with ZM447439 (100 nM) in the recording pipette, the effect on LTD was identical to that of hesperadin (supplemental Fig.  2 B, available at www.jneurosci.org as supplemental material).
GFP-mCPEB1-AA alters spine density and shape
Because changes in synaptic strength are often accompanied by changes in spine structure (Hayashi and Majewska, 2005) , we next asked whether spine number or spine morphology had been altered in the mCPEB1-AA mice. Using Neurobiotin-filled cells, we analyzed spine density blind to genotype on distal 3-4°den-drites. PNs expressing the transgene had a significantly greater spine density on these distal dendrites than controls (WT, 9.3 Ϯ 0.3 spines/10 m; mCPEB1-AA, 11.1 Ϯ 0.5/10 m; p Ͻ 0.01). Using Lucifer yellow-filled PNs visualized with a spinning disk confocal microscope, we examined PN spine length on distal dendrites (3 or 4°dendrites). The spines from mCPEB1-AAexpressing PNs were significantly longer than those from control PNs (control, 0.56 Ϯ 0.01 m, n ϭ 202; mCPEB1-AA, 0.74 Ϯ 0.01 m, n ϭ 210; p Ͻ 0.01) (Fig. 5A) . Together with the electrophysiology data, this suggests that inhibiting CPEB1-mediated mRNA translation specifically affects PN spine structure and LTD.
The data presented thus far suggest that mCPEB1-AA expression in PNs is inhibiting the activity-induced synthesis of new proteins vital to PN synaptic plasticity. If so, mCPEB1-AA must compete with the endogenous CPEB1 for binding to these mRNAs. To identify a candidate mRNA to test this hypothesis, we used sequence analysis on mRNAs encoding proteins known to affect actin dynamics. By sequence analysis, we identified a putative CPE in the 3Ј UTR of the mRNA encoding IRSp53. This CPE is conserved in multiple species, including hamster, mouse, and human. Both IRSp53 protein and mRNA are expressed in PN dendrites (Thomas et al., 2001; Sekerkova et al., 2003) . To examine the interaction of CPEB1 with IRSp53 mRNA, co-IP experiments were conducted from the cerebellum of mCPEB1-AA and control mice. In one set of experiments, a monoclonal antibody against GFP was used to immunoprecipitate GFP-mCPEB1-AA from the cortex or cerebellum of a transgenic mouse (Fig. 5B) . Western blot analysis using either a polyclonal antibody against CPEB1 or a different anti-GFP antibody revealed that GFPmCPEB1-AA was only pulled down from the cerebellum. A similar set of IPs was also performed on the cortex and cerebellum of littermates not expressing the transgene, and no GFPmCPEB1-AA was pulled down in either brain region (data not shown). In a reciprocal set of IP experiments, anti-CPEB1 successfully pulled down endogenous CPEB1 from both the cortex and cerebellum of transgenic mice, but the GFP-mCPEB1-AA was only present in the IP from the cerebellum (Fig. 5B) . Furthermore, RT-PCR analysis of the mRNA pulled down in association with GFP-mCPEB1-AA revealed the presence of mRNA encoding IRSp53 but not tubulin mRNA, which lacks a CPE sequence (Fig. 5C ). Endogenous CPEB1 also interacts with IRSp53 mRNA, as evidenced by co-IP with CPEB1 using an anti-CPEB1 from the cerebellum of a wild-type mouse (Fig. 5C) . Therefore, GFPmCPEB1-AA in the cerebellum of transgenic mice can compete with endogenous CPEB1, for binding to CPE-containing mRNA.
Behavioral analysis of mCPEB1-AA mice mCPEB1-AA mice had no obvious behavioral deficits, but, because there was an alteration in cerebellar LTD, we assessed motor coordination on a rotarod apparatus. Rotarod tests can be performed at a constant speed to assess balance and coordination or can be set to accelerate over a fixed interval to test coordination and motor learning because the mouse must learn to adjust to the increasing speed of the wheel (Crawley and Paylor, 1997) . Wildtype and mCPEB1-AA littermates not carrying the transgene performed identically on the rotarod (data not shown); therefore, the control group was a mixture of these two animals. When tested with either the constant speed or the accelerated protocol, mCPEB1-AA mice were significantly ataxic (Fig. 6 A) . Run at a constant speed of 28 rpm, the control mice average fall latency for six trials was 283 s, whereas the mCPEB1-AA mice fell on average at 127 s ( p Ͻ 0.001). A similar ataxia is recorded on the accelerating rotarod assay (Fig. 6 A) . To determine whether this difference could be accounted for by a loss of muscle strength in the transgenic mice, we performed a strength test that involved having the mice climb a vertical "rope" (6 mm thick and 30 cm long) and maintain their grip at the top for 2 min (Rogers et al., 1997; Ribar et al., 2000) . Aged-matched mCPEB1-AA and wild-type mice were indistinguishable in this assay (data not shown).
Motor learning in the rotarod paradigm is measured as improvement from trial to trial on the accelerated protocol. Interestingly, the mCPEB1-AA mice learn (improve), and, in fact, their degree of learning from trials 1-6 is not significantly different from control mice (Fig. 6 B) . However, measuring the slope of the lines between trials 1 and 2 as well as trials 1 and 3 during peak motor learning for the control group reveals that the transgenic mice have significantly altered learning (Fig. 6 B) . Together, this data show that, although the mCPEB1-AA mice learn, they do so at a slower rate.
As mentioned previously, different lines of transgenic mice express GFP-mCPEB1-AA at various levels. In an effort to determine whether expression level affects rotarod performance, mice with quantified expression levels were categorized as low expressors (LE), medium expressors (ME), or high expressors (HE), with ME expressing five times more than LE and the HE 10 times more than LE. Analysis of fall latency (blind to expression level) versus transgene expression for the low, medium, and high expressors revealed that higher levels of GFP-mCPEB1-AA correlates directly with a more severe ataxia (Fig. 6C ) and a shallower learning curve (data not shown). Performance on the rotarod was also coincident with a more dramatic inhibition of LTD (e.g., the HE and LE mice shown in Fig. 3C had average fall latencies over six trials of 133 Ϯ 33 and 271 Ϯ 25 s, respectively).
In addition to the rotarod test, ataxia can be assessed by analyzing gait (Crawley and Paylor, 1997; Carter et al., 1999) . This test involves coating the front and hindpaws with different colored nontoxic paint and recording their footprints on a white piece of paper as the animal walks in a straight line. In general, ataxic animals tend to have any combination of shorter stride lengths, wider front-base width, wider hind-base width, and nonoverlapping front/hind footprints compared with controls (Carter et al., 1999) . Consistent with the rotarod analysis showing a moderate but significant ataxia, gait analysis on the mCPEB1-AA mice revealed a significantly wider hind-base width (control, 2.14 Ϯ 0.06 cm; mCPEB1-AA, 2.40 Ϯ 0.05 cm; p Ͻ 0.01) and step overlap (control, 0.74 Ϯ 0.05; mCPEB1-AA, 0.88 Ϯ 0.04; p Ͻ 0.05) with no difference in the stride length compared with wild-type mice.
Changes in IRSp53 protein in mCPEB1-AA mice
To determine whether expression of GFP-mCPEB1-AA results in a loss of IRSp53 protein, the cerebellum was removed and Western blot analysis was preformed on mCPEB1-AA mice and littermates not expressing the transgene. Quantification of these blots revealed no change in the baseline level of IRSp53 or tubulin protein (data not shown), indicating that expression of the transgene did not alter the constitutive translation of either CPE or non-CPE containing mRNA. We next examined the levels of IRSp53 protein in the cerebellum after motor learning (Fig. 7) . Because the majority of learning occurs during the first three trials (Fig. 6) , we measured the levels of IRSp53 protein in the cerebellum of mice immediately after the third trial (total training time of 1 h). mCPEB1-AA mice were again ataxic when compared with control mice, with an average fall latency of 170 versus 251 s for controls on the accelerated rotarod. In control animals, rotarod training caused a significant increase in IRSp53 protein levels in the cerebellum, with no change in the ␤-tubulin levels. However, training induced a significant decrease in the IRSp53 levels in mCPEB1-AA mice compared with controls (Fig. 7) . This demonstrates that IRSp53 protein synthesis is induced in the cerebellum after motor experience and that activation of CPEB1 is required for this experience-induced increase.
Discussion
To examine the effect of inhibiting CPEB1-mediated protein synthesis in neurons, we expressed a CPEB1 protein with T171A and S177A mutations in Purkinje neurons. Similar point mutations have been shown previously to inhibit the phosphorylation and activation of CPEB1 in Xenopus oocytes (Mendez et al., 2000b) . We find that expression of mCPEB1-AA exclusively in PNs results in a dose-dependent ataxia, an inhibition of cerebellar LTD, Figure 6 . mCPEB1-AA-expressing mice are ataxic and show a motor learning delay. A, A trial-bytrial comparison between transgenic (n ϭ 103) and control (n ϭ 41) mice after training on the acceleratedrotarodrevealedthatthetransgenicmicearesignificantlyimpairedateachtrial.B,Learningwasassessedbyplottingthechangeinfalllatencybetweentrialsgraphicallyillustratesthesignificant difference in learning between trials 1-2 or 1-3 (**p Ͻ 0.01). However, over six trials, the animals had similar change in fall latencies ( p ϭ 0.3), suggesting a learning delay. C, Relative ataxia of transgenic animals grouped into three categories: low-level expressors (n ϭ 3); medium-level expressors(expressionlevelis5timesmorethanlow-levelexpressors;nϭ9);andhigh-levelexpressors(expressionlevelis10timesmorethanlow-levelexpressors;nϭ4).Thelow-expressinggroupof mCPEB1-AA mice is not significantly ataxic versus control mice ( p ϭ 0.166), whereas both the medium-and high-expressing transgenic mice are significantly ataxic versus the control mice (*p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001). Increase in IRSp53 protein synthesis after motor training is blocked by mCPEB1-AA. Western blot analysis of tubulin and IRSp53 protein levels in the cerebellum of mice trained on the accelerated rotarod protocol for three trials. Data represent protein levels in the cerebellar homogenate of trained as a percentage of that protein in untrained mice when comparing both wild-type (control) and mCPEB1-AA mice. Motor training led to a significant increase in IRSp53 levels in control mice, whereas in mCPEB1-AA mice, IRSp53 levels significantly decreased compared with untrained levels (mean Ϯ SEM; *p Ͻ 0.05). Representative blots of tubulin and IRSp53 are shown above each bar; IRSp53 runs as a doublet of 53 and 58 kDa, and both bands were used in the quantification (control, n ϭ 10 mice per group; mCPEB1-AA, n ϭ 10 mice untrained, 23 mice trained).
and a motor learning delay. These deficits are seen without gross morphological changes in the cerebellum or PN dendritic arborization or change in baseline synaptic properties but a significant change in PN spine number and morphology. Because the amount of mCPEB1-AA expressed determines the severity of the phenotype, mCPEB1-AA is likely competing with endogenous CPEB1 for regulation of CPE-containing mRNA. However, expression of mCPEB1-AA does not appear to affect general protein synthesis, because levels of tubulin, mGluR1, GluR2/3, and IRSp53 are identical in control and transgenic cerebellum.
Several studies have shown that new protein synthesis is required for many forms of long-term synaptic modifications (Davis and Squire, 1984; Linden, 1996; Martin et al., 2000) . Indeed, the local or dendritic translation of mRNA(s) play key roles in multiple forms of synaptic plasticity in both vertebrates and invertebrates (Kang and Schuman, 1996; Martin et al., 1997; Huber et al., 2000) . CPEB1 is an mRNA-binding protein that localizes to synapses and can regulate mRNA translation after synaptic activation (Wu et al., 1998; Wells et al., 2001; Shin et al., 2004) . A role for CPEB1-mediated protein synthesis in both synaptic plasticity and memory extinction in the hippocampus was described recently. Here, CPEB1 knock-out (KO) mice were found to have a mild deficit in the amplitude of both long-term potentiation (LTP) and LTD induced by "weak" stimulation, whereas stronger stimulation protocols produced robust LTP and LTD indistinguishable from control (Alarcon et al., 2004) . Behaviorally, the CPEB1 KO mice show a deficiency in the extinction, but not the acquisition or maintenance, of hippocampal-based learning (Berger-Sweeney et al., 2006) .
Our results support those of the CPEB1 KO in that both studies find alterations in synaptic plasticity. In addition, the expression of mCPEB1-AA results in a more robust synaptic phenotype, suggesting that other mechanisms may be compensating for a loss of CPEB1 in the KO. It is unlikely that the other CPEB family members expressed in the brain are directly compensating for CPEB1 loss, because CPEB2-CPEB4 do not bind CPE sequences with high affinity, nor do they regulate mRNA polyadenylation (Huang et al., 2006) . Therefore, compensation in the CPEB1 KO mice may be the result of other mRNA-binding proteins capable of targeting mRNA into dendrites, allowing for translation after strong synaptic activation.
CPEB1 mediates local protein synthesis
We present several lines of evidence suggesting that the phenotype of mCPEB1-AA mice is the result of an inhibition of CPEB1-mediated protein synthesis in the synaptodendritic domain. First, the mutant protein is efficiently targeted into dendrites, resulting in equivalent levels of mCPEB1-AA and endogenous CPEB1 at the synapse (Fig. 1 D, E) . Second, we did not detect any changes in gross cerebellar or PN development, but rather the structural and physiological changes were expressed at synapses. Third, there was no change in constitutive protein synthesis; however, the experience-induced increase in IRSp53 was blocked in the transgenic mice. Finally, the rapid decay of cerebellar depression seen in protein synthesis inhibitors suggests that local synthesis is required, and this time course is mimicked by mCPEB1-AA expression. Thus, we propose that the phenotype of the mCPEB1-AA mice is primarily the result of blocking CPEB1 function at the synapse.
Regulation of IRSp53 synthesis
The full complement of mRNAs regulated by CPEB1 in neurons is unknown. However, a recent study suggests that ϳ7% of brain expressed mRNAs might undergo polyadenylation (Du and Richter, 2005) . Given the potential diversity of mRNAs regulated by CPEB1, we selected a single candidate as proof of principle based on sequence analysis, its degree of conservation among species, and an established link to synaptic function. IRSp53 was thus selected and confirmed as a CPEB1-interacting mRNA (Fig.  5C ). During training, IRSp53 protein synthesis is induced in control mice, but levels decrease in mCPEB1-AA mice (Fig. 7) .
The reduction we observe in IRSp53 with training in transgenic mice argues for a shift in the dynamic equilibrium of protein synthesis versus degradation. In hippocampal neurons, strong synaptic activity results in an overall decrease in total protein synthesis but an increase in specific mRNA translation, most notably those that are transported into dendrites (Krichevsky and Kosik, 2001 ). In addition, Ehlers (2003) has described an upregulation of the ubiquitin proteasome system in response to synaptic activity, which leads to increased degradation of select synaptic proteins. Our results suggest that inhibiting CPEB1-mediated synthesis of IRSp53 reveals an activity-induced degradation of IRSp53 protein. IRSp53 was first described in the brain as a component of the postsynaptic density in hippocampus, cortex, and cerebellum (Abbott et al., 1999) . There is ample evidence that IRSp53 plays an important role at the synapse. For example, synaptic activity drives IRSp53 into synapses, and altered expression of IRSp53 changes spine density and structure (Choi et al., 2005; Hori et al., 2005) . However, because expression of mCPEB1-AA is likely to affect the synthesis of several mRNAs, the changes we see in mCPEB1-AA mice cannot be attributed solely to the dysregulation of IRSp53.
Phosphorylation of CPEB1
Both ␣-CaMKII and Aurora A kinase can phosphorylate and activate CPEB1 (Mendez et al., 2000b; Atkins et al., 2004) . Our data support a role for Aurora A in CPEB1 phosphorylation in PNs. Both Aurora A and ␣-CaMKII are present in PNs, and the inhibition of either alters cerebellar LTD (Fig. 4) (Hansel et al., 2006) . However, the inhibition of Aurora kinase by hesperadin or ZM447439 blocks LTD in WT mice but has no effect on the mice expressing mCPEB1-AA. In contrast, inhibition or knock-out of ␣-CaMKII results in a synaptic potentiation after LTD-inducing stimulation (Hansel et al., 2006) . In addition, ␣-CaMKII mRNA translation is regulated by CPEB1 in the hippocampus and cortex (Wu et al., 1998; Wells et al., 2000 ), yet we see no change in the level of ␣-CaMKII in mCPEB1-AA mice compared with control in either the baseline state or after motor learning (M. McEvoy and D. G. Wells, unpublished observation). Therefore, Aurora A is likely to be the kinase that phosphorylates CPEB1 during the induction of cerebellar LTD. Consistent with a mechanism involving competition between mCPEB1-AA and endogenous CPEB1, mRNA translation of mRNAs that contain one CPE (e.g., IRSp53) appear to be affected more than mRNAs that contain two CPEs (e.g., ␣-CaMKII).
Relationship between morphology and function
Are the spine structural changes a consequence or cause of the attenuated LTD in the mutant mice? Based solely on our data, no conclusion can be drawn; however, recent data from Fmr1 null mice in combination with our data would suggest that the changes in structure are not directly related to a deficit in LTD. Fmr1 encodes the fragile X mental retardation protein (FMRP), another mRNA-binding protein thought to regulate mRNA translation in neuronal dendrites (Weiler et al., 1997; Bagni and Greenough, 2005) . In the cerebral cortex of Fmr1 KO mice, like the mCPEB1-AA mice, there is an increase in spine number and an elongation of spines, without a change in baseline synaptic transmission (Li et al., 2002; Galvez et al., 2003) . In the cerebellum, Koekkoek et al. (2005) report changes in PN spine shape in Fmr1 mice similar to the changes reported in cortex and those we report here for the mCPEB1-AA mice; however, the Fmr1 KO mice displayed an enhanced LTD. This suggests that the change in spine structure did not directly cause the inhibition of LTD in mCPEB1-AA mice. In addition, it suggests that CPEB1 and FMRP are regulating distinct subsets of mRNAs in PN dendrites with CPEB1-mediated translation responsible for the induction of LTD and FMRP-mediated translation limiting the amplitude of the depression.
Mice expressing mCPEB1-AA exhibit a significant ataxia. Because the ataxia is not debilitating, in fact unrecognizable until tested, and was not accompanied by any loss in strength, we were able to analyze motor learning. The nondebilitating ataxia is likely the result of normal developmental progression to monosynaptically connected CF-PN pairs (Aiba et al., 1994) . This also supports our contention that signaling in the mutants is unaltered, because deficits in mGluR1 and PKC␥ both result in multiple CF innervation and a much more severe ataxia (Aiba et al., 1994; Chen et al., 1995) . Therefore, the ataxia in the mCPEB1-AA mice is likely the result of the impaired PF-PN synaptic plasticity.
Importantly, we show a deficit in both plasticity and behavior that correlates with the amount of mCPEB1-AA expression. Interestingly, the mCPEB1-AA mice did learn the motor task; in fact, the degree to which they improved over six trials was approximately equal to that of controls. However, they exhibited a delay in motor learning most markedly seen between trials 1 and 2 (Fig. 6 A, B) . Together, we feel that this data strongly argue for an important role for CPEB1-mediated protein synthesis in cerebellar plasticity and function.
